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Eye Position Affects Activity in Primary
Auditory Cortex of Primates
for nonlinguistic visual stimuli have not been demon-
strated in primary auditory cortical areas of intact ani-
mals or humans [16].
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Center for Cognitive Neuroscience In the case of vision and hearing, intersensory commu-
nication requires not only the convergence of visual andDepartment of Psychological and Brain Sciences
Dartmouth College auditory signals themselves, but also information con-
cerning the position of the visual sense organ, the eye,Hanover, New Hampshire 03755
with respect to the auditory sense organ, the ear. With-
out knowledge of eye position, the spatial aspects of
visual and auditory information cannot be properlySummary
equated with one another. Eye position information can
in principle be used to accomplish a coordinate transfor-Background: Neurons in primary auditory cortex are
known to be sensitive to the locations of sounds in mation to bring head- (ear-) centered auditory informa-
tion into an eye-centered frame of reference, and thisspace, but the reference frame for this spatial sensitivity
has not been investigated. Conventional wisdom holds transformation facilitates the interaction of auditory sig-
nals with retinotopically ordered visual information (e.g.,that the auditory and visual pathways employ different
reference frames, with the auditory pathway using a [17, 18]). We have previously demonstrated that eye
position affects auditory responses in primate inferiorhead-centered reference frame and the visual pathway
using an eye-centered reference frame. Reconciling colliculus (IC; [19]), a subcortical structure with known
ties to multisensory processing (for discussion, see [19]).these discrepant reference frames is therefore a critical
component of multisensory integration. However, the eye position effect in IC did not serve
to create an eye-centered reference frame, but insteadResults: We tested the reference frame of neurons in
the auditory cortex of primates trained to fixate visual produced an ambiguous representation of space that
was neither head- nor eye-centered, as if it might lie atstimuli at different orbital positions. We found that eye
position altered the activity of about one third of the the midpoint of a gradual coordinate transformation.
In the current study, we investigated whether the posi-neurons in this region (35 of 113, or 31%). Eye position
affected not only the responses to sounds (26 of 113, tion of the eyes affects the acoustic responses of single
neurons in the primary auditory cortex of two rhesusor 23%), but also the spontaneous activity (14 of 113,
or 12%). Such effects were also evident when monkeys monkeys (Macaca mulatta). Auditory cortex has been
implicated in the processing of sound location in bothmoved their eyes freely in the dark. Eye position and
sound location interacted to produce a representation primates and other species (for review, see [20]). Should
eye position affect auditory cortical activity, it wouldfor auditory space that was neither head- nor eye-cen-
tered in reference frame. suggest that auditory cortex plays a role in preparing for
the eventual convergence between visual and auditoryConclusions: Taken together with emerging results in
both visual and other auditory areas, these findings sug- spatial information. We were particularly interested in
testing the prediction that the frame of reference shouldgest that neurons whose responses reflect complex in-
teractions between stimulus position and eye position show evidence of a progression from the ambiguous
code found in the IC toward an eye-centered coordinateset the stage for the eventual convergence of auditory
and visual information. system that would in theory be well suited for facilitating
subsequent interactions with visual information.
Preliminary reports of these findings have appearedIntroduction
previously [21–23], as has a similar preliminary report
from an independent research group [24].Historically, the brain’s sensory pathways have been
viewed as separate and distinct from one another. Com-
munication between different sensory modalities is
Resultsthought to be a higher-level function reserved for associ-
ation or even premotor areas. Recent work in humans
Eye Position and Reference Frameand other animals has begun to challenge this view,
Eye position exhibited a statistically significant effect onshowing that, under the right conditions, visual and tac-
the activity of about one third of the neurons in primarytile stimuli can activate areas of the brain that are nor-
auditory cortex (areas A1 and R). This effect was presentmally considered auditory [1–8], and auditory and tactile
during the responses to sounds in 23% of the populationstimuli can activate areas of the brain that are normally
(26 of 113 neurons, two-way analysis of variance withconsidered visual [9–15]. Such cross-modal interactions
eye position and sound location as the factors, mainhave usually been attributed to plasticity following dam-
effect of eye position or interaction term, p  0.05). Eyeage to the primary sensory system involved [1, 9, 10,
position also affected the spontaneous activity of some12, 13], have been limited to linguistic stimuli (in humans)
neurons while the monkeys fixated visual stimuli but[4], or both [5–7, 11]. Signs of intersensory convergence
before any sound had been presented (14 of 113 neu-
rons, or 12%, one-way analysis of variance, p  0.05).*Correspondence: jennifer.m.groh@dartmouth.edu
1These authors contributed equally to this work. The total number of neurons with significant effects dur-
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Table 1. Relationship between Eye Position and Sound Location Sensitivity
Effect of Eye Position
Significant Not Significant Totals
N % N % N %
Effect of Sound Location Significant 24 21.2% 41 36.3% 65 57.5%
Not Significant 11 9.7% 37 32.7% 48 42.5%
Totals 35 31.0% 78 69.0% 113 100.0%
A two-way ANOVA identified neurons with statistically significant effects of eye position and/or sound location (p  0.05, main effect or
interaction; eye position totals also include neurons sensitive to eye position during spontaneous activity in the absence of a sound stimulus).
ing either or both periods was 35 out of 113, or 31% ence, no notable variation in responsiveness should oc-
cur on the ordinal dimension and a vertically striped(Table 1). Active fixation of a visual target was not neces-
appearance should be produced. Figure 1B shows asary to reveal an effect of eye position: of 49 cells whose
simulation of this predicted pattern. This simulation isactivity was also recorded while the animals were free
derived from a subset of the actual response patternsto move their eyes as they chose, 12 (24%) showed a
of the neuron in Figure 1A, incorporates the observedsignificant effect of eye position in either the spontane-
variability in neural responses, and thereby gives aous activity or their responses to sounds (one-way anal-
sense of the appearance that would be expected fromysis of variance, horizontal eye position binned in 5
chance fluctuations in responsiveness alone (see theincrements, p 0.05). In agreement with previous stud-
Experimental Procedures: Data Analysis for details). Aies [25, 26], 58% of the neurons were sensitive to the
head-centered (vertically striped) pattern similar to thislocations of sounds (main effect of sound location or
simulation was occasionally observed in real neuronsinteraction term with eye position, 65 of 113 neurons,
(e.g., Figure 1D), but most showed at least qualitativeTable 1). Although sound location-sensitive neurons
signs of sensitivity to eye position as well as soundwere somewhat more likely than sound location-insensi-
location. The effects of eye position achieved statisticaltive neurons to show sensitivity to eye position (Table
significance (ANOVA: main-effect, interaction, or base-1), this correlation did not reach statistical significance
line) for the neurons shown in Figures 1F–1L.(X2, p  0.11).
The effect of eye position did not resemble an eye-The proportions of cells showing statistically signifi-
centered frame of reference, in which spatial responsecant effects of eye position were greater than would be
functions should shift in the same direction and to thepredicted by chance alone for each of the subpopula-
same degree as the eyes. This is evident by comparingtions listed above (one-tailed binomial test, p  0.01;
the pattern of activity of the real neurons shown in Figurefor details, see the Supplemental Data, especially Table
1C, a simulation showing the diagonally striped appear-S1, lines M, T, U, and Y, available with this article online).
ance that should occur if the effect of eye positionThe estimated size of the proportion of neurons showing
served to create an eye-centered frame of reference.an eye position influence depended in part on the
The pattern of diagonal stripes indicative of an eye-
amount of data collected. In the 27 neurons with the
centered frame of reference was not observed in the real
greatest number of stimulus repetitions (8–78 per condi-
neurons. Instead, the responses of individual neurons
tion; mean  standard deviation: 24.0  9.6), 15 (56%) illustrated a complex and unpredictable interplay be-
showed a significant effect of eye position, and 19 (70%) tween sound location and eye position.
showed a significant effect of sound location. Detection The failure of spatial tuning to shift in space when the
of the presence of an eye position effect did not depend eyes move is illustrated in a different format in Figure
critically on the type of test employed or the particulars 2. The top graphs in each panel of Figure 2 show the
of its implementation: Kruskal-Wallis tests, Gaussian, activity as a function of sound location with respect to
sigmoidal, and linear curve fitting (of neural responses the head for the same neurons shown in Figure 1. For
as a function of eye position), and Monte Carlo simula- clarity and to allow error bars to be displayed, only the
tions of one- and two-way ANOVAs (of the effect of eye responses for three fixation positions (10, 12 and 0)
position and/or sound location on neural activity) all are shown. The bottom graphs in each panel display
confirmed the existence of an eye position influence, the same data as the top graphs, but the data are rea-
although the sensitivity of each method varied. Details of ligned as a function of sound location defined with re-
these additional tests are provided in the Supplemental spect to the eyes. If the neurons employed an eye-
Data. centered frame of reference, then a given neuron’s
The degree of influence by eye position appeared to response pattern at the center eye position would have
range along a continuum, and the nature of that influ- the same general shape as the responses at the eccen-
ence was complex. Figure 1 shows a series of example tric eye positions, but these response patterns would
neurons that were representative of our entire data set appear to be shifted versions of each other when plotted
(Figures 1A and 1D–1L) and two simulations (Figures in head-centered coordinates. Replotting the curves
1B and 1C). In these plots, the activity of each real or with sound location recoded in an eye-centered refer-
simulated neuron is illustrated in color as a function of ence frame should bring the curves into alignment (bot-
eye position (ordinate) and sound location (abscissa). If tom graphs). Clearly, it does not.
eye position had no effect and coding for sound location We quantified the alignment of the curves by measur-
ing the average vertical separation between thesetherefore occurred in a head-centered frame of refer-
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Figure 1. Mean Responses of Auditory Corti-
cal Neurons as a Function of Sound Location
and Eye Position, Compared to Simulations
of Head- and Eye-Centered Reference
Frames
(A–L) (A, D–L) Ten examples of neurons are
shown. (B and C) The simulations illustrate
hypothetical neurons employing a head-cen-
tered frame of reference in which eye position
would have no effect (B) and an eye-centered
frame of reference in which the location of
the auditory receptive field would shift with
changes in eye position (C). The simulations
are based on the observed responses of the
neuron shown in (A) at the center fixation po-
sition (indicated by the red triangle). Sampling
of eye position and sound location was taken
every 5 for the neurons shown in (D), (E), and
(G) and every 6 for the remaining neurons
(grid lines). Interpolation was used to fill in
the color between the sampled points.
curves when plotted in head- versus eye-centered refer- gram of the ratio of the head-centered offset to the eye-
centered offset for the current auditory cortical data andence frames (see the Experimental Procedures). These
values are plotted for the population in Figure 3A. A our previously published results in inferior colliculus [19].
A ratio value near one would lie near the line of slopeneuron using a true head-centered frame of reference
would have a lower response offset in a head-centered one in the graph in Figure 3A. Both distributions cluster
around the same intermediate zone, a no man’s landreference frame, and a neuron using a true eye-centered
frame of reference would have a lower response offset between head- and eye-centered coordinate frames.
in an eye-centered reference frame. Points lying along
the reference line of slope one indicate responses that Comparison of Degree of Modulation by Sound
are aligned equally well (or poorly) in eye- and head- Location and Eye Position
centered reference frames. The fact that the response Sound location was a somewhat more important factor
offsets are only somewhat biased toward a head-cen- in determining neural activity than eye position. As men-
tered reference frame illustrates that neither reference tioned above, a greater number of neurons showed a
frame is substantially better than the other at capturing statistically significant effect of sound location than eye
the pattern of activity in auditory cortex. Note that this position, and Figures 3A and 3B show a modest bias
analysis concentrated specifically on assessing the ref- toward a head-centered frame of reference. However,
erence frame rather than judging the statistical signifi- the more surprising aspect of our findings is just how
cance of eye position effects. Neurons could and did similar the effects of sound location and eye position
have responses that aligned better in a head- versus are in size. Figure 4 employs a commonly used metric
eye-centered reference frame; however, this did not pre- of effect size, a modulation index, to illustrate this point.
clude the occurrence of statistically significant effects We computed modulation indices for sound location
of eye position. Differences between the statistical and (Ms) and eye position (Me) as follows:
reference frame analyses could also occur because only
a subset of the fixation positions was used for the refer-
Ms or Me 
Rmax  Rmin
Rmax
* 100 (1)ence frame analysis (see the Experimental Procedures).
Finally, no progression in reference frame is evident
as signals ascend the auditory pathway from inferior For both indices, the maximum response (Rmax) was the
mean response evoked at the best combination of eyecolliculus to auditory cortex. Figure 3B shows a histo-
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Figure 2. Responses of Auditory Cortical Neurons When Sound Location Is Defined with Respect to the Head Versus When Sound Location
Is Defined with Respect to the Eyes
The top graphs in each panel show responses when sound location is defined with respect to the head, and the bottom graphs show responses
when sound location is defined with respect to the eyes. The responses shown are moving averages standard error with a 10 or 12 window
sliding in 5 or 6 increments, depending on the resolution of the sampling for the neuron in question. The example neurons are the same as
those shown in Figure 1, and the three fixation positions included here are marked in Figure 1 by triangles of a corresponding color. ([B] and
[C] are deliberately omitted, as the corresponding panels in Figure 1 display simulated data).
position and sound location (Figure 4A). For the sound Changes in activity elicited by shifting the position of
either the eyes or the sound ranged in size from aboutlocation index, the minimum response (Rmin) was the
mean response at the worst sound location for the same 20% to about 80% of the maximum responses evoked,
as shown in Figure 4B. The mean modulation by soundeye position at which the largest mean response was
observed. For the eye position modulation index, the location was 46%, whereas the mean modulation by
eye position was 40%. Employing a criterion of 50%minimum response was the mean response at the worst
eye position but the same sound location at which the modulation to identify sensitivity to either factor, as has
been used for sound location sensitivity in previousmaximum response was observed.
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rons included in this study. Unlike the pinna movements
of cats [28], the measured ear movements were minimal
in size and were not meaningfully related to eye position
(see the Supplemental Data). Overall, the average range
of mean ear positions across the different fixation posi-
tions was 1 (min, 0.25; max, 3).
Discussion
Given the different reference frames in which visual and
auditory spatial information are initially detected, infor-
mation about eye position is critical for merging, com-
paring, or reconciling visual and auditory sensations.
Although overt visual activation in auditory cortex has
as yet only been demonstrated under limited circum-
stances involving either hearing-impaired humans or
other animals with disrupted sensory pathways [2, 3],
linguistic stimuli [4], or both [5–7], the presence of eye
position signals in auditory cortex suggests that com-
munication between the visual and auditory pathways
is more pervasive than previously thought. Furthermore,
a direct anatomical projection from auditory cortex to
primary visual cortex has recently been identified [29].
The existence of information about the orientation of
the visual sense organ in the primary auditory cortex of
normal primates, together with the anatomical connec-
tion between auditory and visual cortex, suggests that
signals relating to the convergence of vision and hearing
are a normal aspect of basic auditory processing, rather
than a special feature of multisensory areas, damaged
sensory systems, or evolutionary adaptations relating
to language.
The effects of eye position were robust to the behav-Figure 3. Neither a Head- nor Eye-Centered Frame of Reference
ioral context and occurred both with and without activeBest Captures the Pattern of Activity in Auditory Cortex
fixation of visual stimuli. Furthermore, a task requiring(A) Average vertical separation between the responses for different
eye positions when plotted in a head-centered reference frame the animal to localize sounds with the eyes was not
(head-centered offset, ordinate) versus the average vertical distance required, although the possibility that the nature of the
between these responses when plotted in an eye-centered reference eye position signal would be affected by such a task is
frame (eye-centered offset, abscissa) expressed as a percentage intriguing. Thus, it seems that eye position modulationof the mean response of each neuron; see the Experimental Proce-
is a normal occurrence in the auditory pathway, withdures for details. This graph presents data from 111 neurons with
concomitant implications not only for sound localization,sampling that included an ipsilateral (10 or 12), center (0), and
contralateral (10 or 12) fixation position. Neurons in which the effect but potentially for other types of auditory processing
of eye position was statistically significant in either the baseline or also. Indeed, these findings suggest a neural mecha-
the response period (either main effect or interaction with sound nism for a synesthesia-like clinical disorder known as
location) are indicated by open squares; some of these neurons gaze-evoked tinnitus, in which certain eye positionsalso exhibited main effects of sound location. Those for which only
elicit percepts of nonexistent sounds [30]. The naturallysound location was significant are indicated by open circles. The
occurring eye position modulation may be erroneouslylabels D and J indicate the individual example neurons from Figures
1D and 2D and 1J and 2J, respectively. interpreted as an acoustic event in this disorder.
(B) Comparison between the ratio of the head- and eye-centered How the eye position signal reaches the auditory path-
response offsets in auditory cortex (white bars) and the IC (dark way is uncertain. Eye position signals are ubiquitous
bars, 71 neurons, previously published in Figure 2, [19]). These distri- throughout the brain (for a review, see [17]) and couldbutions did not differ (Wilcoxon rank-sum test, p  0.544).
potentially reach the auditory pathway either through
descending inputs (such as from the frontal eye fields,
[31]) or some as yet undiscovered anatomical projectionstudies in auditory areas (e.g., [27]), 26% of neurons
would be classified as eye position sensitive, and 40% of from oculomotor areas to the auditory pathway. At-
tempts to distinguish between top-down and bottom-neurons would be classified as sound location sensitive.
up sources of sensory signals often seek evidence from
the time course of these effects. When one of severalEar Movements
As we have previously noted, pinna movements do not components of a neural response has a time course that
is delayed with respect to the others, the delay has beenprovide a ready explanation for the effects of eye posi-
tion [19]. We monitored the horizontal rotation of the interpreted as evidence that the effect in question is
mediated by a top-down connection. However, this ap-contralateral ear during the recording of 44 of the neu-
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Figure 4. Degree of Modulation of Neural Activity Due to Eye Position and Sound Location across the Population of Auditory Cortical Neurons
(A) The eye position and sound location modulation indices were computed by finding the overall maximum mean response and comparing
that to the minimum mean response at either the sound location or the same eye position at which the maximum response was observed,
as shown schematically for a hypothetical neuron.
(B) The eye position and sound location modulation indices for the population of 78 neurons with equivalent sampling of sound location and
eye position. The letters indicate the modulation index values for the individual neurons shown in Figures 1 and 2.
proach may not be useful for assessing the source of colliculus neurons [19], does make it more likely that
the eye position signal descends the auditory pathwayeye position signals, because eye position is not an
externally delivered sensory stimulus. The eyes always from auditory cortex to inferior colliculus rather than the
other way around. If eye position is indeed mediated byhave a position, which the animal controls (albeit at the
behest of the experimenter), and, in our task, the eyes descending projections, it is theoretically possible for
this type of influence to be present at much earlier pointswere already fixating the desired visual target well in
advance of the acoustic stimulus. Thus, it would be in the pathway, potentially as early as the cochlea itself.
By modulating the level of responses to acoustic stim-difficult to identify a fine-grained time course of the
eye position signal. However, on a coarser scale, the uli or the shape of spatial sensitivity, but not causing a
systematic shift in receptive field location, the eye posi-existence of the eye position signal in the spontaneous
activity of auditory cortical neurons, but not in inferior tion influence renders the activity of individual neurons
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49 of the 78 neurons was also recorded while the animals were freeambiguous in reference frame. The hypothesis that this
to move their eyes in the dark. Multiple stimulus repetitions weretype of representation is part of a transition from head-
performed for each combination of sound location and eye positionto eye-centered coordinates is not supported by our
for each recorded neuron (mean number of repetitions per condition:
findings, as little has changed as auditory signals as- 16.2, standard deviation: 8.8); the total number of stimulus repeti-
cend from inferior colliculus to auditory cortex. Clearly, tions per recorded neuron ranged from 215 to 3196, with a mean
of 1064.9.then, the existing conceptual framework of explicit coor-
The auditory stimulus was a band-limited white noise (500 Hz–18dinate transformations cannot account for the signals
kHz, 51  2 dB SPL). The experiments were conducted in a single-present at this point in the auditory pathway.
walled sound attenuation chamber (IAC) lined with sound absorbentHaving abandoned the notions of both head- and eye-
foam (3” Sonex One) to reduce echoes. Experiments were con-
centered reference frames (at least for this level of the ducted in complete darkness. Ear position was also monitored dur-
auditory pathway), it is worth reconsidering the eventual ing the recording of 44 of the set of 78 neurons by using a calibrated
coil taped to the back of the pinna on the ear contralateral to therequirements for integration with visual information.
recording site.Plainly, the presence of eye position information in the
Once the animals were trained, a cylinder was implanted by usingauditory pathway is highly relevant to and constrains
stereotaxic techniques to allow access to the left primary auditoryhow auditory signals may ultimately be combined with
cortex in one monkey (monkey G) and the right primary auditory
visual signals. However, the discrepancy between audi- cortex in the other (monkey M). In monkey G, a straight vertical
tory and visual spatial information may not be as great as approach was employed [47]. In monkey M, electrodes approached
the auditory cortex at an angle of 33 lateral from vertical in theis commonly assumed. Recent findings from the visual
coronal plane. Standard recording techniques were used: electricalpathway indicate that visual neurons display effects of
potentials were amplified, and action potentials were detected byeye position that are strikingly similar to our own results.
using a double window discriminator (Bak Electronics). The time ofEffects of eye position are seen as early as primary
occurrence of action potentials was stored for off-line analysis. The
visual cortex [32, 33] as well as in other visual, sensori- number of action potentials occurring within a 500 ms window fol-
motor, and parietal areas [34–42]. These experiments lowing stimulus onset was counted. Spontaneous activity was as-
sessed during a 500 ms window prior to the onset of the first soundcast doubt on the degree to which the visual pathway
in each trial. Neurons were considered auditory if their responsesemploys a solely retinotopic frame of reference. Rather
during the 500 ms following sound onset differed significantly fromthan employing explicit head- or eye-centered coding,
spontaneous activity (two-tailed paired t test, p  0.05). The meanauditory and visual neurons appear to be selective for
latency of our auditory cells was 16 ms, with a standard deviation
combinations of stimulus position and eye position, and of 9 ms, which is consistent with other reports from primary auditory
their responses are best thought of as a complex func- cortex [48–50].
tion of both parameters. Indeed, computational advan-
tages to this type of code have been suggested [43, 44]. Location of Recordings
Previous studies in macaques have identified a core region of audi-Appropriately combining the input from such visual and
tory cortex by using a combination of anatomical, histological, andauditory neurons might create individual bimodal neu-
physiological techniques (for reviews, see [51–53]). The boundariesrons with the same sensitivity to stimulus and eye posi-
of the core are consistent (within 1–2 mm) between individual ani-tion, regardless of whether the stimulus modality is vi-
mals [53] and are also similar across studies [54]. The posterior
sual or auditory. Such neurons might well subserve the edge of the core region lies 3–5 mm from the posterior end of the
perceptual binding of visual and auditory information, supratemporal plane [53, 55–57]. The core is generally completely
contained within the lower bank of the lateral sulcus, although itin a frame of reference that is native to neither sensory
can occasionally drape over onto the lower bank of the circularpathway but common to both.
sulcus below the insula [53]. The lateral border is typically 1–3 mm
from the lateral edge of the lateral sulcus [53, 56, 57]. Posterior to
the insula and circular sulcus, the medial border of the core regionExperimental Procedures
lies approximately 1–3 mm from the medial edge of the supratempo-
ral plane [53, 56, 57]. Subfields within the core and surrounding beltGeneral Procedures
Two adult female rhesus monkeys served as subjects for these regions have been identified based on their tonotopic organization,
but as the axis of frequency organization runs approximately anteri-experiments. The Institutional Animal Care and Use Committee at
Dartmouth approved all procedures. Animals underwent a surgery orly/posteriorly, this organization as such is not particularly helpful
at distinguishing the medial or lateral borders between neighboringto implant a head post for restraining the head and a scleral eye
coil for monitoring eye position at a 500 Hz sample rate [45, 46]. All core and belt regions. Similarly, the caudomedial belt region seems
to lack a tonotopic organization altogether (for a review, see [53]),surgical procedures were performed under general anesthesia, and
aseptic techniques were used. The animals were then trained by which further limits the utility of tonotopy for identifying the boundary
at the posterior edge of the core region. However, several previoususing positive reinforcement to maintain fixation on a visual stimulus
at a randomly chosen location along the horizontal meridian while studies have identified differences in the breadth of frequency tuning
and/or the preference for white noise over tonal stimuli betweenfour sounds were presented successively, also at randomly chosen
locations. Each trial began with a 500 ms period of fixation, followed core and neighboring belt regions (e.g., [49, 58]).
Given the excellent anatomical information available concerningby the four sounds (500 ms duration, 500 ms interstimulus interval).
Animals received liquid reinforcement for maintaining fixation the geographical location of the core region within the lateral sulcus,
the consistency of this anatomical information across individualthroughout the series of stimulus presentations.
Speaker locations and visual stimuli for our main data set of 78 animals (and even different species of macaques), and the limited
utility of tonotopy in distinguishing the core from the belt, we reliedneurons were: 24 to 24 by 6 of azimuth in one experimental rig
and –15 to 20 by 5 in the other (negative numbers indicate ipsilateral primarily on physical landmarks to restrict our data set to the core
region. The locations of our recording penetrations were identifiedlocations). An additional 33 neurons were tested with eye positions
–12, 0, and 12 and sound locations 90, 44, and –30 to 30 by by using MRI at the Dartmouth Brain Imaging Center (GE 1.5T scan-
ner, 3D T1 weighted gradient echo pulse sequence, 5” receive-only6, and two neurons were tested with the latter set of sound locations
and eye positions 12 and 12 (total: 113 neurons). All cells except surface coil). One or more tungsten electrodes were inserted into
the brain for the scan; these electrodes were readily visible in thefor the two not tested at the center fixation were included in Figure
3; only the set of 78 neurons is shown in Figure 4. The activity of images and served as reference points for the reconstruction of
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other recording locations. In accordance with the boundaries of the Supplemental Data
Supplemental Data including additional statistical analyses and acore identified in the literature cited above, we limited our recording
locations to those 5 mm rostral from the caudal end of the supra- discussion of the possible effects of attention on auditory corti-
cal neurons are available at http://images.cellpress.com/supmat/temporal plane, 2 mm from the medial end of the supratemporal
plane in the region caudal to the insula/circular sulcus, and 2 mm supmatin.htm.
from the lateral edge of the supratemporal plane. In the region
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